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The prevalence of long-lasting oscillatory signals in the 2d echo-spectroscopy of light-harvesting
complexes has led to a search for possible mechanisms. We investigate how two causes of oscillatory
signals are intertwined: (i) electronic coherences supporting delocalized wave-like motion, and (ii)
narrow bands in the vibronic spectral density. To disentangle the vibronic and electronic contri-
butions we introduce a time-windowed Fourier transform of the signal amplitude. We find that 2d
spectra can be dominated by excitations of pathways which are absent in excitonic energy transport.
This leads to an underestimation of the life-time of electronic coherences by 2d spectra.
I. INTRODUCTION
The observation of long-lasting oscillations in peak
amplitudes of two-dimensional (2d) echo spectroscopy
as function of increasing delay time between pump and
probe pulses1–6 has lead to an intensive search for
quantum mechanical effects in photosynthetic systems
at physiological temperatures. The general theoretical
model of excitonic energy transfer from the antenna to
the reaction center is well established.7–9 For the Fenna-
Matthews-Olson (FMO) complex an efficient transfer re-
lies on a dissipative coupling of electronic and vibronic
degrees of freedom,10–16 which puts the excited system
in an energy funnel towards the reaction center. The
oscillations recorded in 2d echo spectra were not antici-
pated within a simplified rate equation formalism based
onMarkovian approximations for the dissipative coupling
of vibronic and electronic degrees of freedom.17,18
The physical origin of the experimental observations
has lead to various theoretical proposals, which are
roughly divided into two mechanisms. As shown from
calculations in model Hamiltonians19–21 the presence of
δ-spiked peaks in the vibronic mode distribution does
imprint a long-lasting oscillatory signal on coherences.
The spectral density determined from fluorescence line-
narrowing experiments (JWendling in Fig. 1) reveals a se-
ries of peaks. However a calculation of 2d spectra and
coherences22 using a close approximation to the density
(denoted by J3peaks and J11peaks in Fig. 1) puts the vi-
bronic contributions on a much smaller scale compared
to electronic coherences, which lead to oscillation periods
determined by the differences in excitonic eigenenergies.
The second proposed mechanism22 identifies two prereq-
uisites for long-lasting electronic coherences and oscilla-
tions of cross-peaks of 2d-spectra in the continuous part
of the vibronic mode distribution: (i) a small initial slope
of the vibronic density towards zero frequency, and (ii) a
larger coupling between a continuum of vibrations whose
frequencies are in the range of the typical excitonic en-
ergy gaps. Both conditions are fullfilled by the florescence
line-narrowing spectral density JWendling.
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FIG. 1. Spectral density of the FMO complex. Circles: mea-
sured spectral density,23 parametrization.24 Fits J{3,11}peaks
are used for the GPU-HEOM calculation. The marks on the
frequency axis indicate differences of exciton eigenenergies.
It remains an open question to what extend 2d spectra
are probing vibrational or electronic properties of light-
harvesting complexes. Moreover, for the design of artifi-
cial nanostructure it is of interest to identify the physi-
cal mechanism for efficient transport and conditions for
the accompanying vibronic density. Here, we disentan-
gle the interplay of electronic and vibronic effects on the
transport by introducing a reliable method to dissect the
2d-echo signal. We show that a time-windowed short-
time Fourier transform (STFT) is a suitable tool to track
and assign specific vibronic and electronic contributions
at all delay times. We find that two-dimensional echo-
spectra can significantly underestimate the duration of
electronic coherences due to the destructive superposi-
tion of several pathways related to additional excitations
and ground-state bleaching. Such pathways are not im-
portant for excitonic energy transfer, which for the same
system displays longer electronic coherences than the 2d
spectra. The connection between 2d spectra and efficient
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FIG. 2. Time evolution of the coherence ρE1E5(t) for the
spectral density J11peaks at T = 150 K. The dashed line shows
a typical window function (tc = 0.6 ps, tw = 0.4 ps, β = 7).
transport and the role of coherences requires a careful
evaluation.
II. TRANSITION FROM ELECTRONIC TO
VIBRATIONAL INDUCED COHERENCE IN THE
FMO COMPLEX
Multiple frequencies are a common pattern in the
cross-peak oscillations observed in 2d echo spectra of var-
ious LHCs such as the FMO complex25,26 or light harvest-
ing proteins PE545 and PC645 from marine cryptophyte
algae.3,6 To unravel which physical processes are present
as the delay-time progresses and to uncover the tran-
sition from electronic to vibrational induced coherences
we introduce a windowed short-time Fourier transform
(STFT) of the signal
Fw(ω, tc) ρEiEk(t) =
∫ ∞
−∞
dt Fw(tc, t)ρEiEk(t)e
iωt (1)
where tc denotes the center and tw the width of the win-
dow function
Fw(tc, t) =
∑
s=±1
s
1 + eβ(t−tc−stw/2)/tw
. (2)
Later, we normalize Fw(tc)ρEiEk to its maximal value.
A typical window function along with the coherence be-
tween exciton eigenstates |E1〉 and |E5〉 of the FMO com-
plex calculated in Ref.22 is shown in Fig. 2 together with
the corresponding STFT analysis in Fig. 3. Sweeping
the centre of the window function tc yields information
about the changes in the frequency distribution with ad-
vancing time in the exciton dynamics. In Fig. 3, the
initially dominant electronic coherent frequency h¯ω15 is
indicated by the arrow on the left side. At later times
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FIG. 3. STFT analysis (tw = 0.4 ps, β = 7) of the coher-
ence ρE1E5 of Fig. 2. The left arrow marks the frequency of
the electronic energy difference E1 −E5 and the right arrows
indicate the centers of vibrational peaks of J11peaks, Fig. 1.
dephasing reduces the influence of the electronic coher-
ence while the interaction with the strongly coupled vi-
brational modes increases. Around tc = 0.7 ps a “gap”
can be seen, where the electronic frequency is absent but
shortly afterwards re-emerges. From 1 − 3.5 ps a wob-
bling motion of the dominant contribution is seen, which
is caused by the vibronic frequencies marked by arrows
on the right hand side. During the time evolution, en-
ergy is shared among different vibrational modes close in
resonance with the exction frequency h¯ω15. Which vibra-
tions are activated changes with time. For example, the
vibration at h¯Ω = 380 cm−1 is present around 2.2 ps but
absent around 3 ps. The features revealed in the STFT
reflect two different mechanisms in the energy transfer.
Electronic coherence signifies delocalized wavelike energy
transfer which helps to overcome energy barriers and fa-
cilitates fast energy transfer to specific target states. On
the other hand the signatures of strongly coupled vibra-
tional modes mark reversible energy exchange between
the exciton system and the protein environment.27
III. COHERENCES IN 2D SPECTRA
The decay of peak amplitude oscillations in two-
dimensional spectra has been used to extract coherence
lifetimes.5 In the following, we identify two processes
which reduce the signature of electronic coherence in
two-dimensional spectra compared to transport calcula-
tions. To elucidate and quantify the interplay between
electronic and vibronic degrees of freedom we discuss
the physical processes mapped by 2d-echo spectra within
a model trimer consisting of sites 1 − 3 of the FMO
complex24
Hex =

 410 −87.7 5.5−87.7 530 30.8
5.5 30.8 210

 cm−1. (3)
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FIG. 4. Five peak model spectral density J5peaks with a
suppressed slope at zero frequency and three strongly cou-
pled underdamped vibrational modes. The vibrational fre-
quencies (dashed line) are close in resonance with the dif-
ference of the exciton energies Ei − Ej (solid line) of the
exciton system Eq. (3). Parameters for Eq. (4): λk ∈
{11, 9, 12, 7, 4} cm−1, ν−1k ∈ {230, 50, 750, 700, 750} fs, h¯Ωk ∈
{80, 260, 135, 260, 430} cm−1.
As for the FMO complex22 we describe the energy trans-
fer within a Frenkel exciton model,28 linearly coupled to
independent baths at each site. The spectral density is
parametrized by a superposition of shifted Drude-Lorentz
peaks
J(ω) =
M∑
k=1
[
νkλkω
ν2k + (ω +Ωk)
2
+
νkλkω
ν2k + (ω − Ωk)
2
]
. (4)
The spectral density J5peaks (Fig. 4) for the model trimer
fulfils the criteria for long-lived electronic coherences due
to its small initial slope and later on larger coupling.
To study the role of specific vibrational modes J5peaks
adds three vibrational modes centered at frequencies
h¯Ω1 = 135 cm
−1, h¯Ω2 = 260 cm
−1, h¯Ω3 = 430 cm
−1,
which puts them close to resonance with the differences
in exciton eigenenergies. The total 2d-echo rephasing
signal is composed of three Liouville pathways29,30 re-
flecting stimulated emission (SE), ground-state bleach-
ing (GB) and excited state absorption (ESA), where the
laser pulses create two excitons in the system. Formally,
we calculate the Fourier transform of the third order re-
sponse function SRP (t3, Tdelay, t1)
29,30 in the impulsive
limit
IRP (ω1, Td, ω3) =
∫ ∞
0
∫ ∞
0
dt1dt3e
iω3t3−iω1t1 (5)
×[SGBRP (t3, Td, t1) + S
SE
RP (t3, Td, t1) + S
ESA
RP (t3, Td, t1)]
We proceed along the steps in Ref.31 and include the ro-
tational average over random orientations by sampling
20 distinct laser polarization vectors aligned along the
vertices of a dodecahedron. We assume equal dipole
strength of the three pigments and dipole orientations
along the nitrogen atoms NB − ND.
32 The propagation
is performed with the GPU-HEOM method.16,33 In an
experimental setup all three pathways are tied together
and cannot be analysed separately, while the theoreti-
cal calculations allows us to study the individual contri-
butions. Typically, the SE and ESA pathways interfere
destructively and lead to a diminished amplitude of the
coherent signal in the total spectrum. The cancellation of
coherent amplitudes in 2d spectra enhances the influence
of strongly coupled vibrations on the cross-peak oscilla-
tions. In particular the ground-state vibrations moni-
tored by the GB get amplified in weight in the 2d-echo
spectra. Our finding, that ground-state vibrations af-
fect the cross-peak dynamics is in agreement with Tiwari
et al.34 who investigate the effect of a single vibrational
mode in resonance with a model dimer. Different condi-
tions govern transport and 2d-echo spectra, where sev-
eral pulses hit the sample. For instance the ground-state
bleaching and excited state absorption induced by the
2d-echo setup are not relevant for the energy transfer
process. Thus the apparent diminishing of coherences in
2d spectra does not imply unimportance of coherence in
the excitonic transfer.
The cancellation effects are prominently visible in Fig. 5,
which displays the oscillatory component of the lower-
diagonal cross-peak dynamics of CP(12), CP(13) and
CP(23) of the rephasing signal as function of delay time
Tdelay. The amplitude of CP(ik) is determined by in-
tegrating the real part of the rephasing 2d-spectra (all
three rephasing pathways) over a small rectangle (∆E =
36 cm−1) in the 2d-energy grid. The center of the rect-
angular area is located at ωi = Ei + λ/4.5 and ωk =
Ek + λ/4.5, where Ei, Ek denote the exciton eigenener-
gies of Eq. (3). The shift λ/4.5 takes into account the
stokes shift and ensures that the amplitude is averaged
around the maximum of the peaks. The non-oscillatory
background is fitted by f(t) = a+ b e−ct+ d t+ d2 t
2 and
is subtracted from the total signal. The three cross peaks
show different behaviours. In the upper panel CP(12) os-
cillates dominantly with a single frequency that matches
the vibrational mode h¯Ω1. The 2d-spectra thus appar-
ently shows that there is almost no contribution of elec-
tronic coherence between exciton states |E1〉 and |E2〉
left. This finding is in contradiction to simulations of
the coherence ρE1E2(t) that predict long lasting elec-
tronic coherence up to 1 ps. Studying the dynamics
of the SE and ESA pathways of CP(12) separately re-
covers the long lasting electronic coherence. But in the
case of CP(12) the amplitudes of the coherent oscilla-
tions of the SE and ESA pathway are nearly identical
and the destructive interference of these pathways can-
cels the contribution of electronic coherence in the total
signal. The remaining oscillatory component of the to-
tal signal reflects the ground state vibrations of the GB
pathway shown as dashed line in Fig. 5(a) and the signal
of electronic coherence is masked by the vibrational mode
h¯Ω1. The cross-peaks CP(13) and CP(23) (Fig. 5(b) and
Fig. 5(c)) show a more complex dynamics, which is best
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FIG. 5. Oscillatory component of the real part of the cross-
peak dynamics of the total rephasing 2d-echo signal for Eq. (3)
and J5peaks as function of delay time Tdelay. The temperature
is set to T = 150 K.
analysed using the STFT methodology for the case of
CP(23) in Fig. 6. Multiple frequencies originating from
electronic coherence and vibronic modes superpose each
other and form rich structures in the beating pattern.
The STFT frequency analysis for the sum of ESA and SE
pathways is depicted in Fig. 6(a). In agreement with the
coherences (not shown) we observe a transition around
Tdelay = 0.7 ps from initially electronic coherence with
frequency h¯ω23 = 212 cm
−1 to vibrational frequencies
h¯Ωk at later times. The strongest coupling to the exciton
dynamics stems from the vibrational modes h¯Ω1 and h¯Ω2
that are close in resonance with the electronic frequency
h¯ω23. For the GB pathway (Fig. 6(b)) the exciton system
remains in the electronic ground state during Tdelay and
no electronic frequencies show up in the cross peak dy-
namics. In the total signal Fig. 6(c) the GB vibrational
modes leave their trace and diminish the relative weight
of the electronic coherences.
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FIG. 6. STFT analysis (tw = 0.7 ps, β = 7) of the cross-peak
dynamics CP(23) of the rephasing 2d-echo signal. Shown are
results for (a) the sum of the SE and ESA pathway, (b) the
contribution of the GB pathway and (c) the total signal in-
cluding all three pathways. The width of the window func-
tion is tw = 1.0 ps and T = 150 K. The left arrow marks
the frequency of electronic coherence h¯ω23 and the right ar-
rows mark the frequencies of the strongly coupled vibrational
modes h¯Ωk.
IV. CONCLUSION
The STFT provides a tool to determine the physical
mechanisms behind oscillatory signals for progressing de-
lay time. We find that the determination of electronic co-
herence life-times from the experimentally observed total
signal in the 2d-echo spectra is difficult and can underes-
timate the lifetime of electronic coherences. For varying
delay times the STFT shows multiple frequencies and a
mix of vibronic and electronic contributions. Similar ob-
5servations are reported for experimentally recorded 2d
spectra.3,6,25,26 We further found examples of a reemer-
gent amplitude in the oscillatory component at later time
in CP(23), where a larger amplitude at Tdelay = 0.35 ps
is seen compared to Tdelay = 0.2 ps. Interestingly, such
reemerging amplitudes are also observed for the FMO
complex.25,26
The pollution of the 2d-signal by ground-state vibra-
tions and two-exciton states is not directly relevant for as-
sessing the role of coherences in excitonic energy transfer,
where these two pathways are absent. This has also im-
plications for identifying vibronic spectral-densities sup-
porting efficient transport. We find a good correspon-
dence between coherence lifetimes of the stimulated emis-
sion pathway (SE) of cross peak CP(i, j) and the corre-
sponding coherence ρEiEj . For certain cross-peaks the
ground state vibrations dominate, and the 2d-echo spec-
tra are not able to determine the electronic coherence
lifetime. In this case an additional analysis, like the
proposed witness of electronic coherence35 or quantum
process tomography36,37 is required to reveal the hidden
information.
ACKNOWLEDGMENTS
A.A.-G. and C.K. are supported by the DARPA grants
N66001-10-1-4063, N66001-10-1-4059, and T.K. by a
Heisenberg fellowship of the DFG (KR 2889/5). A.A.-G.
thanks the Corning foundation for their generous sup-
port.
1 Engel, G. S.; Calhoun, T. R.; Read, E. L.; Ahn, T.-
K.; Mancal, T.; Cheng, Y.-C.; Blankenship, R. E.; Flem-
ing, G. R. Evidence for wavelike energy transfer through
quantum coherence in photosynthetic systems. Nature
2007, 446, 782.
2 Lee, H.; Cheng, Y.-C.; Fleming, G. R. Coherence Dynam-
ics in Photosynthesis: Protein Protection of Excitonic Co-
herence. Science 2007, 316, 1462.
3 Collini, E.; Wong, C. Y.; Wilk, K. E.; Curmi, P. M. G.;
Brumer, P.; Scholes, G. D. Coherently wired light-
harvesting in photosynthetic marine algae at ambient tem-
perature. Nature 2010, 463, 644.
4 Calhoun, T. R.; Ginsberg, N. S.; Schlau-Cohen, G. S.;
Cheng, Y.-C.; Ballottari, M.; Bassi, R.; Fleming, G. R.
Quantum Coherence Enabled Determination of the En-
ergy Landscape in Light-Harvesting Complex II. J. Phys.
Chem. B 2009, 113, 16291.
5 Panitchayangkoon, G.; Hayes, D.; Fransted, K. A.;
Caram, J. R.; Harel, E.; Wen, J.; Blankenship, R. E.; En-
gel, G. S. Long-lived quantum coherence in photosynthetic
complexes at physiological temperature. Proc. Natl. Acad.
Sci. 2010, 107, 12766.
6 Turner, D. B.; Dinshaw, R.; Lee, K.-K.; Belsley, M. S.;
Wilk, K. E.; Curmi, P. M. G.; Scholes, G. D. Quan-
titative investigations of quantum coherence for a light-
harvesting protein at conditions simulating photosynthe-
sis. Phys. Chem. Chem. Phys. 2012, 14, 4857.
7 Amerongen, H. V.; Valkunas, L.; van Grondelle, R. Pho-
tosynthetic excitons; World Scientific: Singapore, 2000.
8 Blankenship, R. E. Molecular mechanisms of photosynthe-
sis; Blackwell Science: London, 2002.
9 Frigaard, N.-U.; Bryant, D. A. Seeing green bacteria in a
new light: Genomics-enabled studies of the photosynthetic
apparatus in green sulfur bacteria and filamentous anoxy-
genic phototrophic bacteria. Arch. Microbiol. 2004, 182,
265.
10 Mohseni, M.; Rebentrost, P.; Lloyd, S.; Aspuru-Guzik, A.
Environment-assisted quantum walks in photosynthetic
energy transfer. J. Chem. Phys. 2008, 129, 174106.
11 Rebentrost, P.; Mohseni, M.; Kassal, I.; Lloyd, S.; Aspuru-
Guzik, A. Environment-assisted quantum transport. New
J. Phys. 2009, 11, 033003.
12 Plenio, M. B.; Huelga, S. F. Dephasing-assisted transport:
Quantum networks and biomolecules. New. J. Phys. 2008,
10, 113019.
13 Caruso, F.; Chin, A. W.; Datta, A.; Huelga, S. F.; Ple-
nio, M. B. Highly efficient energy excitation transfer in
light-harvesting complexes: The fundamental role of noise-
assisted transport. J. Chem. Phys. 2009, 131, 105106.
14 Wu, J.; Liu, F.; Shen, Y.; Cao, J.; Silbey, R. J. Efficient en-
ergy transfer in light-harvesting systems, I: Optimal tem-
peratrue, reorganization energy, and spatial-temporal cor-
relations. New J. Phys. 2010, 12, 105012.
15 Mohseni, M.; Shabani, A.; Lloyd, S.; Rabitz, H. Optimal
and robust energy transport in light-harvesting complexes:
(II) A quantum interplay of multichromophoric geometries
and environmental interactions. arXiv:1104.4812v1 2011,
16 Kreisbeck, C.; Kramer, T.; Rodr´ıguez, M.; Hein, B. High-
Performance Solution of Hierarchical Equations of Motion
for Studying Energy Transfer in Light-Harvesting Com-
plexes. J. Chem. Theory Comput. 2011, 7, 2166.
17 Cho, M.; Vaswani, H. M.; Brixner, T.; Stenger, J.; Flem-
ing, G. R. Exciton Analysis in 2D Electronic Spectroscopy.
J. Phys. Chem. B 2005, 109, 10542.
18 Brixner, T.; Stenger, J.; Vaswani, H. M.; Cho, M.;
Blankenship, R. E.; Fleming, G. R. Two-dimensional spec-
troscopy of electronic couplings in photosynthesis. Nature
2005, 434, 625.
19 Christensson, N.; Kauffmann, H. F.; Pullerits, T.; Man-
cal, T. Origin of Long Lived Coherences in Light-
Harvesting Complexes. J. Phys. Chem. B 2012, 116, 7449.
20 Chin, A.; Prior, J.; Rosenbach, R.; Caycedo-Soler, F.;
Huelga, S.; Plenio, M. The role of non-equilibrium vibra-
tional structures in electronic coherence and recoherence in
pigment-protein complexes. Nature Physics 2013, 9, 113–
118.
21 Kolli, A.; O’Reilly, E. J.; Scholes, G. D.; Olaya-Castro, A.
The fundamental role of quantized vibrations in coher-
ent light harvesting by cryptophyte algae. The Journal of
Chemical Physics 2012, 137, 174109.
22 Kreisbeck, C.; Kramer, T. Long-Lived Electronic Coher-
ence in Dissipative Exciton Dynamics of Light-Harvesting
Complexes. J. Phys. Chem. Lett. 2012, 3, 2828.
623 Wendling, M.; Pullerits, T.; Przyjalgowski, M. A.;
Vulto, S. I. E.; Aartsma, T. J.; van Grondelle, R.;
van Amerongen, H. Electron-Vibrational Coupling in the
Fenna-Matthews-Olson Complex of Prosthecochloris aes-
tuarii Determined by Temperature-Dependent Absorption
and Fluorescence Line-Narrowing Measurements. J. Phys.
Chem. B 2000, 104, 5825.
24 Adolphs, J.; Renger, T. How Proteins Trigger Excitation
Energy Transfer in the FMO Complex of Green Sulfur Bac-
teria. Biophys. J. 2006, 91, 2778.
25 Hayes, D.; Wen, J.; Panitchayangkoon, G.; Blanken-
ship, R. E.; Engel, G. S. Robustness of electronic coher-
ence in the Fenna-Matthews-Olson complex to vibronic
and structural modifications. Faraday Discuss. 2011, 150,
459.
26 Panitchayangkoon, G.; Voronine, D. V.; Abramavicius, D.;
Caram, J. R.; Lewis, N. H. C.; Mukamel, S.; Engel, G. S.
Direct evidence of quantum transport in photosynthetic
light-harvesting complexes. Proc. Natl. Acad. Sci. 2011,
108, 20908.
27 Rebentrost, P.; Aspuru-Guzik, A. Communication:
Exciton-phonon information flow in the energy trans-
fer process of photosynthetic complexes. J. Chem. Phys.
2011, 134, 101103.
28 May, V.; Ku¨hn, O. Charge and energy transfer dynamics
in molecular systems; Wiley-VCH: Weinheim, 2004.
29 Mukamel, S. Principles of nonlinear optical spectroscopy ;
Oxford University Press: New York, 1999.
30 Cho, M. Two-dimensional optical spectroscopy ; CRC
Press: Boca Raton, 2009.
31 Hein, B.; Kreisbeck, C.; Kramer, T.; Rodr´ıguez, M. Mod-
elling of Oscillations in Two-Dimensional Echo-Spectra of
the Fenna-Matthews-Olson Complex. New J. Phys. 2012,
14, 023018.
32 Adolphs, J.; Mu¨h, F.; Madjet, M. E.-A.; Renger, T. Calcu-
lation of pigment transition energies in the FMO protein.
Photosynth. Res. 2008, 95, 197.
33 Kreisbeck, C.; Kramer, T. Exciton Dynam-
ics Lab for Light-Harvesting Complexes (GPU-
HEOM). 2013; doi:10.4231/D3RB6W248 online at
http://nanohub.org/resources/16106.
34 Tiwari, V.; Peters, W. K.; Jonas, D. M. Electronic reso-
nance with anticorrelated pigment vibrations drives photo-
synthetic energy transfer outside the adiabatic framework.
Proc. Natl. Acad. Sci. 2012, doi:10.1073/pnas.1211157110.
35 Yuen-Zhou, J.; Krich, J. J.; Aspuru-Guzik, A. A witness for
coherent electronic vs vibronic-only oscillations in ultrafast
spectroscopy. J. Chem. Phys. 2012, 136, 234501.
36 Yuen-Zhou, J.; Aspuru-Guzik, A. Quantum process tomog-
raphy of excitonic dimers from two-dimensional electronic
spectroscopy. I. General theory and application to homod-
imers. J. Chem. Phys. 2011, 134, 134505.
37 Yuen-Zhou, J.; Krich, J. J.; Mohseni, M.; Aspuru-
Guzik, A. Quantum state and process tomography of en-
ergy transfer systems via ultrafast spectroscopy. Proceed-
ings of the National Academy of Sciences 2011, 108,
17615–17620.
